The objective of this work was to use coal as the raw material to prepare activated coke (AC) catalysts of industrial-scale size for SO 2 removal from flue gas and to find the optimal additives and preparation methods. Results showed that activated coke with metal loaded was a suitable method, and that the activated coke catalysts, prepared by loading with CoCl 2 or CaCO 3 and finally calcining at 700 °C, exhibited the best desulfurizing property with a sulfur retention of about 98.6mg-SO 2 /1g-AC at a reaction temperature of 80 °C. Also, the effects of H 2 O content in the flue gas, reaction temperature and space velocity on the desulfurizing property were investigated to determine optimum operating conditions. An H 2 O content of about 10% was appropriate for catalysts in this work. In the temperature range 70~110 °C, the catalyst showed good performance for SO 2 removal and was gradually deactivated at temperatures above 110 °C. Space velocity exhibited an optimal value of 800 h −1 . The kinetic behavior varied with space velocity and the desulfurizing property was controlled by adsorption at space velocities below 800 h −1 , and controlled by catalytic reaction at space velocities above 800 h −1 .
Introduction
Sulfur dioxide (SO 2 ) is one of the major air pollutants and the worldwide trend toward increasingly stringent levels has spurred significant research on cost-effective technologies capable of reducing SO 2 emission (DeSOx). For SO 2 removal from flue gas, carbon-based processes have proven a most promising technology due to the high SO 2 removal efficiency and being easily regenerated. Moreover, the operating temperature of carbonaceous absorbents (60~150 °C) coincides with that of flue gas, which saves on operating cost. A number of research groups are currently involved in the development of a carbon-based desulfurizer and a large amount of information in this regard can be found in the literature, including the mechanism, the active sites of SO 2 on carbon, the effects of raw coal and reaction conditions, etc. (1~6) . The flue gas from power-plant contains H 2 O, O 2 , CO 2 and the temperature of flue gas apart from the furnace is higher than 800°C. The flue gas and steam can be used as the activating agent for activated coke preparation, and that can directly used in the exhaust gas (EG) desulphurization. However, the activating temperature is mostly too high above 800°C (7) . It is necessary to explore low temperature activating method with a low cost and a similar SO 2 capture capacity to improve the economics of the whole desulfurization process, and with a suitable activated coke to satisfy commercial requirements. Activated coke, loaded with additive, can be directly used as the material of the desulfurizer at low temperature. Also, the rich oxygen-containing functional groups on the activated coke surface are believed to be able to improve the adsorption of SO 2 . The overall objectives of this study were to use coal as starting materials to produce desulfurizers (activated coke) with sizes of commercial interest (Φ0.8×1.2cm), to find the appropriate additive and the optimum preparation method, and to determine operating conditions for the catalysts prepared in this work.
Experimental
The reactor for the activated coke preparation and SO 2 removal activity was constructed in a fixed-bed equipment (as shown in Fig. 2 ) to achieve industrial purposes with three sections: the stainless steel reactor (Φ6×50cm for activated coke preparation, Φ2.5×50cm for SO 2 removal activity), the gas feeding system and the gas analyzer.
The activated coke can be prepared with this device at high temperature and the SO 2 in the exhaust gas (EG) can be adsorbed by the activated coke at low temperature.
Preparation of activated coke
Chinese Datong coal is used as raw material, Datong coal, marked as DT. Table1 shows the elemental and proximate analyses of the raw material, and the ash analysis was shown in Table 2 . The activated coke's BET surface area and pore structure were determined by nitrogen adsorption at 77K using an automatic BET surface area measurement equipment of AUTOSORB-1(Yuasa-ionics, Japan). Table 1 . Elemental and proximate analyses of the raw material Table 2 . Ash analysis of the raw material
The raw material was milled and sieved to obtain the particle sizes about 105µm as matrixes. It was mixed with the additive to improve strength and pore structure, and was formed cylindrical shape of Φ0.8×1.2cm. The granular coals were pre-mixed with coal tar (the ratio of coal tar -coal was 1:5~10 w/w) and the additive of metallic compound, then shaped and dried at room temperature for 24 h. Using the experimental device in Fig.2 , the molding coal was baked at room temperature~250°C for 1h, 250~600°C for 1~2h, 600~700°C for 1~2h in inert gas. A gaseous mixture with a composition similar to the EG, containing CO 2 was activated for 1~3h at 500~700°C by the EG and the activated coke was acquired. Three kinds of the EG composition, steam, carbon dioxide and oxygen were used to activate to the coke in this study. The reactor with the catalyst was heated to the desired temperature by an electric heater under a given N 2 flow. After the temperature detected by a thermocouple inserted in the calibrated capillary reached a steady state, SO 2 , O 2 , CO 2 and balance N 2 were introduced into the reactor. H 2 O was introduced into the gas stream by administering N 2 through a water bath and its content was regulated through the temperature of the bath and confirmed by the amount of water consumed. The space velocity (SV) was regulated through changing flow rates of reactants and varied from 500 to 1200 h −1 .
Activity measurements
SO 2 removal activity was evaluated in a fixed-bed equipment (as shown in Fig.2 ) with three sections: reactor (Φ25×500 mm), gas feed system and gas analyzer. The reactor with the catalyst was heated to the desired temperature by an electric heater under a given gas flow. The EG flow rates of reactants were controlled by flow-meters. In all runs, the catalyst volume (estimated on the bulk density) was maintained at about 30 ml, and the space velocity was regulated through changing flow rates of reactants and varied from 500 to 1200 h −1 . The concentration of SO 2 in the outlet was simultaneously measured through an on-line flue gas analyzer equipped with SO 2 sensors (Metrohm 761 Compact IC, Switzerland).
Results and discussion

Effect of raw material and additive
Chinese Datong coal was used to prepare the activated coke, and to examine the effect of additives on the pore properties of the activated coke. Table 3 summarizes the preparation conditions, physical structure and chemical properties of various activated coke in this work. It should be pointed out that in this study, BET surface area, pore width and pore volume are determined with Horvath-Kawazoe (HK) method (8) . Fig. 3 shows the effect of the additives added to raw material on SO 2 removal efficiency at 80°C. The activated cokes loaded with CoCl 2 , CaCO 3 , NiCl 2 and MgCl 2 exhibit a higher SO 2 adsorption capability than that of loaded with MnCl 2 , CuCl 2 and DT-No. For catalysts modified by CoCl 2 , the one made from activated coke shows the highest desulfurizing activity and it took 14 h for SO 2 to break through the catalyst bed. The one made from CaCO 3 activated coke is secondary, and the catalyst made from the activated cokes with MnCl 2 , CuCl 2 have almost the same activity with no any additive and SO 2 overflow in the outlet appears immediately upon SO 2 addition. Table 4 shows the dependence of sulfur retention on treatment methods. For coal treated by additive, the soluble addition with water, CaCO 3 with coal tar, and then shaped and dried at room temperature, it was calcined and activated at 700 °C. DT-No, DT-Cu, DT-Mn have less activity for SO 2 removal. But DT-Co, DT-Ca, DT-Ni, and DT-Mg additive largely improves its SO 2 removal activity and sulfur retention increases from 20.4 to above 78.9mg SO 2 /1g-AC, which is possibly due to the decomposition of acidic groups and the formation of basic groups as reported in the literature (9) , or likely the increase of BET surface area. However, the importance of calcination was not proposed by Lisovskii et al. (10) , The continuous removal of SO 2 might proceed in the following steps: adsorption of SO 2 molecules and its oxidation to SO 3 , followed by hydration with H 2 O in flue gas to form aqueous H 2 SO 4 . Aqueous H 2 SO 4 flowed out from AC to the reservoir and the active sites were regenerated, which result in the continuous oxidation of SO 2 and hydration of SO 3 and makes the regeneration of AC adsorbents unnecessary (9, 11) .
The amount of SO 2 converted to H 2 SO 4 is shown in Table 4 . The total amount of SO 2 adsorbed on the activated coke can be divided into: (1) desorbable SO 2 such as SO 3 or H 2 SO 4 , (2) desorbable SO 2 such as SO 2 or H 2 SO 3 , (3) non-desorbable SO 2 which remains on the carbons as SO 2 , SO 3 , H 2 SO 4 , etc. (12) . As can be seen in Table 4 , the amount of SO 2 (in the form of H 2 SO 4 ) is a little smaller than that of SO 2 adsorbed on the AC for all the samples, and only a small amount of SO 2 present in the form of H 2 SO 3 trapped at the outlet of reactor was detected by chemical analysis. This means that a large amount of SO 2 was converted to H 2 SO 4 in the presence of oxygen and water vapor, and a very little amount of SO 2 remained on the carbon during 12h of adsorption. The amount of SO 2 present in the form of H 2 SO 4 in DT-Co and DT-Ca are the highest among all the samples. It is evident that DT-Co and DT-Ca have the highest catalytic oxidation activity. The amount of SO 2 converted to H 2 SO 4 increased in the order of as-received DT-No, DT-Cu, DT-Mn, DT-Mg, DT-Ni, DT-Ca and DT-Co. These results correspond well with Fig.3 . As given in Table 3 , the BET surface area and pore volume of the samples increase in Correlating this information with the activities for SO 2 removal, it can be seen that both the changing orders of specific area and the parameters of porous structure of AC are different from those of their desulfurization activity. The results presented in Fig.3 and Table 3 also indicate a lock of correlation between the activity of SO 2 removal and the pore structural parameters. All of these observations suggest that the physical properties of the AC are unimportant in determining their desulfurization activities. On the whole, loading with additives and then calcining at 700 °C (termed DT-Co and DT-Ca), show the best performance for SO 2 removal. Compared to calcium carbonate and cobalt dichloride, the calcium carbonate seems to get more easily, and the price is cheap. So, the calcium carbonate was chosen as the additive of activated coke in this study. Fig. 4 shows the dependence of sulfur retention on reaction temperature over DT-Ca catalyst. Sulfur retention slightly increases from 72.2 to 78.6 mg SO 2 /1g-AC with increasing temperature from 60 to 80 °C (Fig.4a) . Further increasing temperature decreases sulfur retention, and at temperatures above 110 °C, the decrease is faster. In view of practical applications, the operating temperature could be controlled in the range 60~100 °C to ensure the flexible operation of the DeSOx process.
Effect of reaction temperature
The trend found in this work agrees with those in the literature (1, 10) and suggests that the desulfurizing behavior may follow different controlled steps in different temperature ranges. The reason is thought to be from the generally accepted mechanism of SO 2 removal by carbonaceous catalysts in the presence of oxygen and water, and is described as above (section 3.1). As can be seen, SO 2 removal by activated coke is mainly made up of three steps, i.e. adsorption of gases, catalytic oxidation of SO 2 and desorption of products. Adsorption of gases is a typically heat-released reaction and in a general way, the amount of adsorbed molecules is inversely dependent on the temperature, however, the rate of catalytic oxidation of SO 2 increases with temperature. Hence, a lower temperature is conducive to adsorption but unfavorable to catalytic oxidation. Increasing the temperature can improve catalytic oxidation but decreases the adsorbed number of molecules. Because the reaction temperature shows contradictory effects on adsorption and catalytic oxidation, the desulfurizing activity is possibly controlled by the catalytic oxidation at temperatures below 80 °C, and it is controlled by the adsorption of reactants at temperatures above 80 °C. At 80 °C, the adsorbed reactants probably exactly react with each other to keep desulfurizing continuing until pores available for H 2 SO 4 are fully occupied, which accounts for the optimal temperature of 80 °C. When the reaction temperature exceeds 110 °C, adsorption of gases is largely weakened, leading to the sudden decrease of desulfurizing activity, as reported in the literature (13) . Above 140 °C, the reactant species are not adsorbed for long enough to oxidize SO 2 to SO 3 and for H 2 SO 4 formation to take place.
Effect of H 2 O content
The effect of H 2 O content on desulfurizing activity was studied using DT-Ca and the result is shown in Fig. 5 . It is important to point out that H 2 O content is calculated according to the consumed amount of water. As can be seen, the H 2 O content shows a significant influence on SO 2 removal activity. The catalyst shows the best SO 2 removal efficiency at an H 2 O content of 10.1% and it takes 13 h for SO 2 (14, 15) .
On the other hand, H 2 O may occupy the adsorbing sites of SO 2 and O 2 and inhibit their adsorption, which will decrease SO 2 removal efficiency. Theoretically, an H 2 O content of 4.5% largely exceeds the needed value, however, the desulfurizing activity is very low, indicating that the utilization ratio of H 2 O is very low. A significant quantity of H 2 O (above 13.0%) must prevent the adsorption of SO 2 and O 2 due to the competitive adsorption as stated above, which accounts for the lower SO 2 removal activity.
Effect of space velocity
Fig . 6 shows SO 2 conversion vs. time on stream and sulfur retention over DT-Ca at space velocities from 500 to 1200 h −1 . Fig. 6a indicates that the lower the space velocity is, the longer breakthrough time the catalyst exhibits due to the increased retention time. The dependence of sulfur retention on space velocity (see Fig. 6b ) is twofold. Sulfur retention increases from 55.6 to 78.6mg SO 2 /1g-AC with increasing space velocity from 500 to 800 h −1 , however, further increasing the space velocity decreases the sulfur retention. This phenomenon suggests that desulfurization follows different controlled-steps in different space velocity ranges. The mechanism of SO 2 removal by activated coke is proposed to explain the different conclusions. SO 2 removal by activated coke catalysts in the presence of oxygen and water consists mainly of three steps: (9, 10, 16) Step (a) depends on the catalyst's surface area, steps (b) and (c) depend on active sites and the pore volume accessible for H 2 SO 4 storage, respectively. The activated coke is fixed. When the space velocity is too small to meet the requirement of adsorption of reactants, the whole desulfurizing process is controlled by step (a), so adsorption of SO 2 , O 2 and H 2 O determines sulfur capture capacity. When increasing higher the space velocity, step (b) becomes determinant and, as a result, SO 2 capture capacity is essentially determined by the content of active sites, i.e., surface chemical properties. At lower space velocities (below 800 h −1 ), the desulfurizing behavior is possibly controlled by adsorption of reactants, SO 2 and O 2 , into the inner surface of the catalyst. In this way, increasing the space velocity will increase the adsorption rate as a result of the increase of the number of adsorbed molecules (including SO 2 , O 2 and H 2 O). Also, the retention times at these space velocities are long enough to convert adsorbed SO 2 to H 2 SO 4 . Hence, sulfur retention increases with space velocity. However, at space velocities above 800 h −1 , the desulfurizing behavior is possibly controlled by an oxidation step (i.e. kinetic step). Due to the reduction of retention time, reactants cannot be adsorbed quickly on the surface, or oxidation of SO 2 to form SO 3 cannot take place, which leads to the decrease of sulfur retention. 
